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Abstract 9 
Capturing CO2 with solid adsorbents can be often limited by heat transfer during the 10 
regeneration process rather than mass transfer during the adsorption process. The use of a low-heat 11 
capacity adsorbent would result in a lower energy penalty for the regeneration step. Specific heat 12 
capacity (Cp) data knowledge of solid adsorbents is still scarce in the literature. To gather information in 13 
this regard, activated carbons (ACs) prepared from different precursor materials, synthesis conditions, 14 
activating agents and surface modifications have been experimentally tested. The specific heat capacity 15 
has been evaluated at temperatures ranging from 50 to 190 °C, relevant for temperature swing 16 
adsorption (TSA) based CO2 capture processes. A thermogravimetric analyser/differential scanning 17 
calorimeter (TGA/DSC) has been used for the experimental testing. Cp values of the evaluated 18 
adsorbents evidenced significant dependency on temperature: adsorbents either showed a linear 19 
upward trend with temperature –phenolic resin-derived ACs- or they peaked at a determined 20 
temperature range –biomass based ACs-. This peak has been ascribed to oxidation reactions of biomass 21 
based carbons during the experiment. It is noteworthy that adsorbent surface modification plays a key 22 
role in the specific heat capacity of the resultant carbon. Likewise, the acid and basic character of the 23 
carbon surface has been identified as key parameter for effective regeneration in TSA processes. AC 24 
adsorbents with an acidic character are undesirable owing to their higher specific heat capacities.  25 
 26 
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 28 
1 Introduction 29 
Sorption-based processes offer some advantages over conventional amine scrubbing for CO2 30 
capture including lower energy requirements in regeneration, no liquid waste production and a much 31 
wider range of operating temperatures (typically ranging from ambient to 700 °C). Low-temperature 32 
(≤ 200 °C) solid sorbents currently considered for CO2 capture include activated carbons, ion-exchange 33 
resins, silica gel, activated alumina, and surface-functionalized nanoporous materials based on silica and 34 
carbon 1. Amongst those, carbon-based adsorbents are considered highly promising due to attributes 35 
such as low cost, high surface area, high amenability to pore structure modification and surface 36 
functionalisation, and relative ease of regeneration 2–7. 37 
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Although adsorption technology is not fully deployed at commercial scale for CO2 capture as 38 
yet, the intensive research and development activity along with the sharp increase in the number of 39 
patents filled in recent years point that this technology is emerging 8,9,18–20,10–17. Solid adsorbents are 40 
usually packed as fixed beds and employed in unsteady cyclic processes composed of adsorption and 41 
regeneration steps. The regeneration or desorption step is often the cost-determining factor of the 42 
separation process. The mechanism of CO2 adsorption on carbon-based adsorbents is mainly 43 
attributable to weak physical forces, which makes regeneration of spent adsorbents at a relatively low 44 
temperature (≤ 200 ˚C) feasible. The application of activated carbons to CO2 capture has been 45 
extensively studied. Activated carbons benefit from industrial maturity, are generally cheap and can be 46 
manufactured at large scale. Owing to their hydrophobic nature, activated carbons are not strongly 47 
affected by moisture, though a decrease in capacity is often observed compared to the performance 48 
under dry conditions 21. A major challenge for the deployment of CO2 capture by means of adsorption on 49 
activated carbons at large scale includes the lower selectivity towards CO2, compared to other 50 
adsorbents such as zeolites or MOFs, that increases the carbon footprint.  51 
When evaluating and comparing adsorbents for use in commercial-scale CO2 capture systems, it 52 
is important to determine those parameters that are expected to have considerable impact on the 53 
process efficiency. Suitable adsorbent selection criteria must consider all the relevant sorption 54 
properties. However, specific targets for CO2 capture materials, for instance, working capacity, 55 
selectivity, sorption rates, enthalpies of sorption 22, heat capacity, attrition resistance or stability to acid 56 
gases have not been clearly stablished. One of the most important evaluation criteria to select a suitable 57 
adsorbent is the energy required for regeneration. However, heat capacity is a property scarcely 58 
reported for solid adsorbents despite it being essential to estimate energy requirements for 59 
regeneration in thermal swing operation 11.  60 
In cyclic temperature swing adsorption (TSA) operation where adsorbent regeneration is 61 
conducted by a thermal swing, the adsorbent is heated up to the desired desorption temperature. Then 62 
the thermal energy required is the sum of the sensible heat needed to heat the bed to the desorption 63 
temperature, i.e., sensible heat (Qsen), and the energy needed to overcome the heat of desorption (Qdes) 64 
23. The sensible heat is calculated as: Qsen = m∙Cp∙∆T, where m is the mass of adsorbent (in kg), Cp the 65 
specific heat of adsorbent (in kJ/(kg ˚C)), and ∆T the temperature difference (in degrees Celsius) 66 
between the regeneration and adsorption steps. If an isobaric process with direct-steam stripping is 67 
considered, the energy requirements to heat the adsorbent can account for up to 90% of the steam 68 
energy demand 7. Hence, the heat capacity of the adsorbent will impact the energy penalty of the 69 
heating process which, in turn, would either increase or decrease the total energy requirements of the 70 
CO2 separation. A low-heat capacity adsorbent will then help to reduce the total cost of CO2 capture 71 
13,24,25.  72 
Heat capacity data of solid adsorbents not only thermodynamically characterise the material, 73 
they should also be taken into account when optimising the CO2 separation process. Furthermore, 74 
gathering of data such as heat of desorption, specific heat, mass-transfer and diffusional effects is also 75 
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essential for candidate adsorbents being developed and for the design of CO2 removal systems. 76 
However, at the current state of development, most of these characteristics are not openly accessible 2. 77 
We report a detailed study on heat capacity (Cp) measurements of a large array of activated 78 
carbons previously synthesised for CO2 capture under different operating conditions. To the best of the 79 
authors’ knowledge, an experimental study like the one herein has not been reported in literature.  80 
2 Materials and methods 81 
2.1 Materials 82 
Ten adsorbents, mainly microporous activated carbons (ACs), have been selected to conduct 83 
the experimental study. Materials include ACs from different carbon precursors, synthesis conditions, 84 
activating agents and adsorbent surface modifications, spanning a wide range of properties to account 85 
for their influence on heat capacity measurements. 86 
Table 1. Preparation conditions for the selected ACs. 87 
Adsorbent Precursor Type Treatment Agent T (°C) Ref. 
CLA PF1 Novolac  PA4 CO2 900 26 
CLOS PF+Biomass Novolac+ OS2 PA CO2 940 27 
E1 PF Novolac PA CO2 800 26 
GPF PF Resol PA CO2 900 26 
GKAS Biomass AS3 Carbonization N2 600 28 
GKASA GKAS -- PA CO2 700 29 
GKASN GKAS -- Amination NH3 800 29 
Norit C Biomass Wood CA5 H3PO4 550 30 
CN Norit C -- Amination NH3 800 31 
CNO Norit C -- Ammoxidation NH3 +Air 300 32 
1. Phenol-formaldehyde resin; 2. Olive stones; 3. Almond shells; 4. Physical activation; 5. Chemical activation 88 
A commercial granular activated carbon, Norit C, was included in the array of samples to be 89 
tested as reference material for benchmarking purposes. A summary of the preparation conditions for 90 
each adsorbent is presented in Table 1. The adsorbents were produced/purchased in granular form but 91 
were ground manually (mortar and pestle) to produce a fine powder (~ 212 μm) that could be uniformly 92 
compacted in the pan for the Cp measurements. Therefore, all samples were evaluated in powder form 93 
in order to avoid the influence of different particle sizes and morphologies on the measurements 33. 94 
2.2 Heat capacity measurements 95 
Among the several techniques available, differential scanning calorimetry (DSC) is considered a 96 
powerful tool to accurately measure the specific heat capacity of samples at milligram level due to its 97 
speed and simplicity 33. DSC tests consist of heating the sample at a controlled rate in a specified 98 
environment over the temperature range of interest. The difference in heat flow between the sample 99 
and a reference material, owing to energy changes, is continuously monitored and recorded. The DSC 100 
signal measurement and the dynamic mode of operation are the two main features of this technique 34.  101 
At constant pressure, the specific heat capacity (Cp) is a measure of the amount of energy 102 
required to raise the temperature of 1 g (or 1 mol) of a substance by 1 °C. In DSC, the measured heat 103 
flow is directly proportional to the Cp, which allows its calculation directly from the DSC signal.  104 
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In this study, heat capacity measurements were performed in a thermogravimetric 105 
analyser/differential scanning calorimeter, TGA/DSC1 STARe System from Mettler Toledo. The 106 
thermogravimetric analyser accurately controls the temperature and the heating rate of the sample and 107 
the reference material. Experiments were conducted in inert atmosphere by flowing nitrogen at a 108 
controlled flow rate of 50 mL min⁻¹. Platinum pans with a volumetric capacity of 70 µL and the 109 
corresponding lids were used in the testing. 110 
2.2.1 Sapphire method 111 
The DSC system was calibrated using sapphire as the standard reference material for Cp 112 
determination. This is a standard procedure described in ASTM E1269 23. 113 
In this method, the DSC signal of the sample is compared with the DSC signal of the reference 114 
sapphire sample of known specific heat capacity. Both curves need to be blank-curve corrected. Thus, 115 
the first measurement determines the DSC signal of the empty sample crucible and in the second, either 116 
the sapphire or the adsorbent is placed into the crucible and the DSC signal of the whole ensemble is 117 
measured. The net DSC signal is then calculated by difference between both measurements.  118 
The mathematical–statistical processing of the experimental DSC data to obtain the specific 119 
heat capacities corresponding to the sapphire in the temperature range evaluated, consisted in fitting 120 
the set of data to a polynomial function by means of the following equation proposed by Ditmars et al 121 
35: 122 
𝑦 = 9𝑒−16𝑥5 − 4𝑒−12𝑥4 + 6𝑒−9𝑥3 − 5𝑒−6𝑥2 + 0.024𝑥 + 0.7121 (1) 
where y stands for the specific heat capacity of the sapphire in J/g °C and x stands for the temperature 123 
evaluated in °C. 124 
At constant pressure, individual Cp values at different temperatures can be determined from 125 
the recorded DSC data according to the following equation: 126 
𝐶𝑝(𝑇) =
𝐷𝑆𝐶𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 − 𝐷𝑆𝐶𝑏𝑙𝑎𝑛𝑘
𝐷𝑆𝐶𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒 − 𝐷𝑆𝐶𝑏𝑙𝑎𝑛𝑘
∙ 𝐶𝑝 𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒  
(2) 
in which Cp(T) is the specific heat capacity of the evaluated sample at temperature T; (DSCadsorbent - 127 
DSCblank) is the net DSC signal of the sample after blank correction; (DSCsapphire -DSCblank) is the net DSC 128 
signal of the reference material (sapphire) after blank correction and Cpsapphire is the specific heat 129 
capacity of the standard reference material (sapphire) obtained by fitting the experimental data to 130 
Equation 1. 131 
2.2.2 Experimental procedure 132 
Series of runs were conducted in the TGA/DSC1 thermogravimetric analyser to evaluate the 133 
specific heat capacities of the selected ACs by means of the sapphire method described above. Firstly, 134 
blank measurements were carried out using covered, i.e., with lids, empty sample pans; secondly, a 135 
standard synthetic sapphire disk (with known specific heat capacity and mass) was used as the reference 136 
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material to calibrate the heat flow rate; lastly, sample measurements were performed replacing the 137 
reference material with approximately 25 mg of each activated carbon. As the samples were tested in 138 
powder form, particular care was taken to ensure good thermal contact. Hence, powdery samples were 139 
manually compacted with a DSC tool available for this purpose to ensure that a thin layer without void 140 
spaces was filling the bottom of the pan. It is important to note that the pans were not sealed with the 141 
lids 34. The use of a lid gives a constant-emissivity package, independent of the pan content, and 142 
meaningful heat capacities are readily obtained 36. With hermetically sealed pans the DSC signal might 143 
not be affected by sublimation and evaporation 37. 144 
All runs followed the same experimental protocol that was adapted from Mu et al. 38. Before 145 
each experiment the adsorbent was dried by heating at 20 °C min⁻¹ from ambient temperature up to 146 
105 °C, at atmospheric pressure, and the temperature was held constant at 105°C for 60 min. Drying 147 
was conducted in flowing N2 (50 mL min⁻¹). Samples were then subjected to three consecutive cycles: 148 
the first two aim at conditioning the measuring cell and the third cycle is then used for the 149 
determination of the heat capacity with better accuracy. DSC and temperature profiles of a 150 
representative experiment are shown in Figure 1. 151 
  
Figure 1. DSC signal and temperature vs. time for a representative Cp experiment.  152 
Each cycle involved the following segments: The first segment is the cooling of the sample 153 
down to 30 °C at a cooling rate of 20 °C min⁻¹. The second segment is a preconditioning step for 15 min 154 
at this initial temperature (30 °C). The third segment heats the sample from the initial temperature up 155 
to the final temperature (210 °C). A heating rate of 10 ° C min⁻¹ is maintained throughout this segment. 156 
The final segment is isothermal at this final temperature of 210 °C for 15 min. In order to maintain a dry 157 
and inert atmosphere, 50 mL min⁻¹ of N2 were allowed to flow through the system in each cycle. This 158 
sweeping gas ensures removal of gases that might be released upon heating the porous samples.  159 
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3 Results and discussion 160 
3.1 Heat capacity measurements 161 
As explained in Section 2.2.2, samples were subjected to three consecutive cycles but only the 162 
third scan was used in the calculation of Cp values for accuracy in the estimation 38. 163 
The DSC technique in which the rate of temperature change is continuously monitored and 164 
correlated to the heat flow rate is subject to thermal lag, which is the difference between the 165 
temperature of the sensor in the instrument and the mean sample temperature under dynamic 166 
(measurement) conditions 39. In addition, the heating or cooling does not take place instantaneously and 167 
every sample needs a certain time to attain the isothermal equilibrium 36. 168 
Thus in order to avoid these, let us call them “edge effects”, in the calculated results, specific 169 
heat capacity values were only estimated for a temperature range between 50 and 190 ˚C where the 170 
thermal equilibrium is guaranteed 33. This temperature range covers the typical operating temperature 171 
window for TSA processes.  172 
The influence of different parameters and ACs preparation conditions on the calculated Cp 173 
values was evaluated and results are presented in the sections below. 174 
3.1.1 Influence of precursor material and ACs preparation conditions  175 
Activated carbons CLA and GPF were obtained from two different precursor resins, Novolac and 176 
Resol, respectively. These resins were prepared by means of two synthesis routes: acid (hydrochloric 177 
acid, 37 wt.% HCl solution) catalysis for the former and basic (sodium hydroxide, NaOH) catalysis for the 178 
latter. Details on the synthesis of both activated carbons are described in Martin et al. 26. 179 
The specific heat capacities profiles of CLA and GPF are presented in Figure 2. Cp values follow a 180 
linear trend over the 50 to 190 °C temperature range, as already reported by Kano et al. 40, and Uddin et 181 
al. 33, for woodceramics specimens and spherical activated carbon KOH6-PR, respectively. The behaviour 182 
of CLA and GPF is independent of the phenolic resin that was used as precursor material to produce the 183 
adsorbents and thereby of the basic/acid synthesis route followed. 184 
 
Figure 2. Specific heat capacities of ACs derived from two phenolic resin precursor materials. 185 
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Globally, lower Cp values are obtained for CLA when compared with GPF over the entire range 186 
of studied temperatures, which makes it more suitable for thermal swing adsorption operation. 187 
Two activated carbons produced from the same phenolic resin precursor (Novolac) were also 188 
tested in order to assess the influence of the addition of an organic additive, ethylene glycol (1 wt.%), 189 
for activated carbon E1, and the mixture with an agricultural by-product, olive stones (80 wt.%), for 190 
activated carbon CLOS. The preparation protocols for these two activated carbons are further described 191 
elsewhere 26,27. 192 
For comparative purposes, the specific heat capacities of E1 and CLOS are plotted alongside Cp 193 
values for CLA in Figure 2. The phenolic resin-derived carbon E1 shows the same trend observed above 194 
for CLA and GPF (Figure 3a). Thus, the addition of ethylene glycol (1%) prior to the curing step of the 195 
Novolac resin does not alter the trend observed in the specific heat capacity of the phenolic carbons 196 
with temperature. 197 
(a) 
 
(b) 
 
Figure 3. Specific heat capacities of ACs derived from Novolac resin with addition of ethylene glycol (E1) and olive 198 
stones (CLOS). 199 
Slightly higher heat capacity values are recorded for E1 compared to CLA.  200 
The trend observed for Cp values of activated carbon CLOS shows some changes: a shoulder 201 
appears at temperatures between 80 and 120 ˚C. This behaviour could be attributed to the biomass 202 
added to the Novolac resin in the formulation of this AC.  203 
To gain more insights into the role of biomass, the specific heat capacity of an activated carbon 204 
(GKASA) derived from a different biomass precursor, almond shells 29, was also evaluated in this study. 205 
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Figure 4. Specific heat capacities of ACs produced with different biomass precursors. 206 
As can be seen in Figure 4, the specific heat capacity of GKASA shows a trend similar to CLOS: 207 
there is a peak in the specific heat capacity versus temperature curve. However, the peak observed for 208 
GKASA is more pronounced and broader, and the maximum is shifted to higher temperature (136 ˚C).  209 
In order to understand the aforementioned different trends in Cp values, the thermal stability 210 
under N2 atmosphere of the samples was also analysed taking advantage of the thermogravimetric 211 
device used in the measurements (TG-DSC). The mass loss profiles (TG and DTG signals) of carbons CLA, 212 
CLOS and GKASA during the heat capacity measurement experiments are compared in Figure 5.  213 
(a) 
 
(b) 
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Figure 5. Thermal stability of activated carbons: phenolic resin-derived carbon, CLA (a) and biomass-derived 214 
carbons, CLOS (b) and GKASA (c).  215 
Phenol-formaldehyde resin-derived carbon, CLA, shows a weight loss of 0.54% over the whole 216 
temperature range evaluated (Figure 5a). This is the expected performance taking into account that the 217 
experimental procedure followed in the experimental evaluation of Cp includes a preliminary drying 218 
step at 105 ˚C, as explained in Section 2.2.2.  219 
The addition of biomass (20 wt.%) to the activated carbon CLOS leads to a slight increase in 220 
mass loss and to a change in the shape of the DTG profile, particularly within the 80-120 °C temperature 221 
range where specific heat capacity shows a shoulder (Figure 5b). 222 
Activated carbon produced solely from biomass, GKASA, also experiences a reduction in mass 223 
upon heating during the experiment; it can be observed that the shape of the TG and DTG profiles have 224 
changed and two regions with differentiated slopes can be identified in Figure 5c. It is important to note 225 
that even though utmost care was taken to ensure uniform distribution of the powder samples and a 226 
closed environment in the pans (lids were used), trace amounts of gases (i.e., air) could remain trapped 227 
in between the solid particles and cause oxidation reactions. Products from those reactions could 228 
decompose with further rise in temperature, which might result in a variable heat flow and eventually 229 
larger uncertainties in Cp measurements 33,34, 41,42.  230 
Furthermore, inherent water plays an important role in the oxidation process. A minimum 231 
amount of water (about 1 wt.%) is necessary for the interaction between activated carbon and O2. 232 
Biomass-derived carbons are less stable in the presence of moisture and thus possess higher humidity 233 
content with regard to that of phenolic resin carbons. Despite the hydrophobic character of activated 234 
carbons, the number of hydrophilic groups capable of forming hydrogen bonds with water still remain 235 
high in the biomass based carbons 43. Likewise, some water can be produced as a result of the thermal 236 
decomposition occurring in the activated carbons upon heating from 30 ˚C to 210 ˚C. Thus, these 237 
oxidation reactions can be considered a side effect due to insufficient drying of the biomass based 238 
carbons. Other authors have reported a more intensive drying protocol 33. In addition, the use of a lid 239 
covering the crucible could prevent the evaporation of moisture and difficult the complete removal of 240 
inherent water in the samples 37.  241 
Temperature also has a significant effect on the oxidation process: higher temperatures 242 
enhance the rate of activated carbon oxidation and result in a higher level of emission of oxygenated 243 
compounds 44. Studies normally consider a temperature range between ambient and 100 ˚C for the 244 
oxidation of carbon materials to take place. Sometimes, this range is extended to 150 ˚C 41, which 245 
corresponds to the behaviour observed in the studied samples. In addition, it has been reported that the 246 
rate of oxygen consumption almost doubles with a rise in temperature of only 10 ˚C 41. 247 
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Figure 6. DSC measurements for activated carbons CLA and GKASA. 248 
Figure 6 shows the DSC signals of the samples GKASA and CLA. A shoulder is observed in the 249 
DSC signal of GKASA (t≈ 20-30 min that corresponds to the temperature range 89-186 ˚C) that would 250 
confirm the presence of oxidation reactions on the surface of the biomass-derived carbons. This is 251 
characterised by an exothermic response upon heating. The phenolic resin derived carbon, CLA, shows 252 
the expected trend upon heating for a non-reactive process 33.  253 
In this study the operating temperatures for the experimental Cp measurements have been 254 
selected so as to reproduce those that would be encountered in TSA operation for CO2 capture. Thus, 255 
the variability observed in the performance of the evaluated carbons, i.e., phenolic resin-derived vs. 256 
biomass-derived, is a relevant outcome. The heat balance of the process should definitely consider the 257 
particular dependence of the heat capacity of the carbon with temperature. The synthesis protocol of 258 
the phenol-formaldehyde resin does not influence the specific heat capacity of the resultant activated 259 
carbons that exhibit similar trends; however, in the almond shells and olive stones-derived carbons the 260 
presence of biomass favours the occurrence of oxidation reactions in the presence of air and residual 261 
moisture. 262 
3.1.2 Influence of different activating agents used in biomass-derived ACs 263 
A commercial activated carbon, Norit C (Cabot Europe), was tested in order to evaluate the 264 
influence of different activating agents, i.e., physical activation versus chemical activation, on the 265 
specific heat capacity. This activated carbon is obtained from wood by means of chemical activation 266 
with phosphoric acid at 550 ˚C 30. Due to its biomass origin, its thermal behaviour is compared with that 267 
of GKASA, which is also a biomass-derived AC but it has been developed by physical activation with 268 
carbon dioxide. 269 
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Figure 7. Specific heat capacities of biomass-based carbons prepared with different activating agents. 270 
As can be observed in Figure 7, both samples display similar Cp behaviour with temperature to 271 
that previously reported in Section 3.1.1 for a biomass-derived carbon. The chemically activated carbon, 272 
Norit C, shows higher specific heat capacity up to ~100 ˚C, probably attributed to the nature of the 273 
phosphoric acid treatment that promotes an acidic character of the AC 45,46, as opposed to the basic 274 
character associated to CO2 activation 29,47. Uddin et al 33, reported lower specific heat capacity values 275 
for Maxsorb III than for the corresponding samples post-treated with H2 and KOH-H2. 276 
It has been found that oxygen surface functionalities contribute to the overall specific heat 277 
capacity of the sample and the role of carboxylic groups seems particularly relevant to the observed 278 
increase in heat capacity 33,38. As reported by Wang et al. 44, the decomposition of unstable oxygenated 279 
intermediates formed during oxidation reactions primarily generates CO2. As time progresses, 280 
accumulation of stable oxygenated complexes, including hydroxyl and carboxyl groups, at the surface of 281 
activated carbon pores retards chemisorption and results in a considerable decrease in CO2 production. 282 
With the deactivation of reaction sites for oxygen chemisorption, the thermal decomposition of stable 283 
oxygenated complexes becomes the limiting step of the chemisorption process. The vast majority of 284 
reaction sites in Norit C seem to contribute to the formation of carboxyl (COOH) groups upon oxidation 285 
that are thermally more labile. This could account for the shifting of the peak in Figure 7 to lower 286 
temperatures (80 ˚C). On the contrary, sample GKASA probably possesses a greater number of sites 287 
which lead to the formation of more stable species like carbonyl (CO) groups, thus displacing the 288 
thermal decomposition to higher temperatures (150 ˚C). 289 
3.1.3 Influence of adsorbent surface modifications 290 
Two different materials, a char obtained from almond shells (GKAS) and a commercial activated 291 
carbon (Norit C), and their surface-modified counterparts (GKASN, GKASA, CNO and CN) have been 292 
selected to investigate the influence of different surface modification treatments on Cp values. 293 
Sample GKAS was obtained by carbonisation in nitrogen atmosphere (flow rate of 50 mL/min) 294 
up to a maximum temperature of 600 ˚C with a soaking time of 30 min 28. Subsequently, it was 295 
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subjected to either direct amination without prior oxidation yielding GKASN sample, or to physical 296 
activation with CO2, from which GKASA was obtained 29. 297 
Samples CNO and CN were prepared from Norit C by ammoxidation and amination treatments, 298 
respectively, which are further explained elsewhere 31.  299 
In order to study the influence of the treatments on the acid-base properties of the carbon 300 
surfaces, the estimation of the point of zero charge (pHPZC) was accomplished by a mass titration 301 
method adapted from Noh and Schwarz 48,49.  302 
As can be seen in Table 2, the pH values indicate that GKAS-derived carbons present a basic 303 
character. Basicity after activation with CO2 may be due to basic oxygen functionalities incorporated to 304 
the surface of the char 50 or to Lewis type basic sites associated to the carbon structure 51. As expected, 305 
amination produced the most basic sample with an increase of 21% in pHPZC observed for GKASN 28 with 306 
regards to GKASA (pHPZC=9.9). 307 
Table 2. Point of zero charge of GKAS and Norit C derived ACs. 308 
Sample 
 Precursor  Treatment pHPZC 
 Origin Type  Type Agent  
GKASA  GKAS --  Physical Activation CO2 9.9 
GKASN  GKAS --  Amination NH3 12.0 
Norit C  Biomass Wood  Chemical Activation H3PO4 2.8 
CNO  Norit C --  Ammoxidation NH3 +Air 6.1 
CN  Norit C --  Amination NH3 8.9 
Conversely, the point of zero charge of Norit C (pHPZC = 2.8) evidences its acidic character. By 309 
means of ammoxidation treatment a pHPZC increase of 118% is attained in CNO whereas amination 310 
changes the character of Norit C from strongly acidic to basic, resulting in an increment of 218% in pHPZC 311 
of CN.  312 
Measurement of Cp values for all the samples summarised in Table 2 showed the already 313 
reported shoulder (see Figure 8) that has been ascribed to oxidation reactions in the previous sections. 314 
It is worth to note that as the surface becomes more basic the specific heat capacity of the GKAS-315 
derived carbons decreases, with the lowest values being achieved for the GKASN sample. 316 
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Figure 8. Specific heat capacity of samples: (a) GKASA and GKASN and (b) Norit C, CNO and CN. 317 
For Norit C derived carbons, the parent carbon C and the ammoxidised sample CNO showed 318 
similar values of specific heat capacity over the studied temperature range, whereas the ammonia 319 
treated sample CN showed similar trend but at lower values of specific heat capacity. Contrary to the 320 
GKAS derived carbons, their specific heat capacities seem to be influenced by the pHPZC values to a lesser 321 
extent. 322 
Findings from this section suggest that adsorbent surface modification influences heat capacity 323 
and could play an important role in tailoring adsorbents with suitable specific heat capacities for TSA 324 
processes.  325 
3.2 Implications for Thermal Swing Adsorption (TSA) processes 326 
Post-combustion flue gas can be released, after desulphurisation, at a temperature in the range 327 
of 40 to 60 ˚C and close to atmospheric pressure, wherein CO2 is present at a relatively low partial 328 
pressure of 0.13–0.16 bar. Thus, the capacity to adsorb CO2 in the low-pressure region is critically 329 
important 52. 330 
Capturing CO2 with solid adsorbents can be often limited by heat transfer during the 331 
regeneration process rather than mass transfer during the adsorption process 53. As explained before, 332 
the use of a low-heat capacity adsorbent would result in a lower energy penalty for the regeneration 333 
step, which would be of significant benefit for reducing the total energy cost of post-combustion CO2 334 
capture.  335 
336 
Figure 9. Comparison of the specific heat capacity of the studied activated carbon materials and other carbon-based 337 
materials previously reported in literature. 338 
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In this study, the specific heat capacities of several activated carbons, such as phenolic resin-339 
derived carbons (CLA, CLOS, E1 and GPF) and biomass-based carbons (Norit C, CN, CNO, GKASA and 340 
GKASN) suitable for CO2 capture by means of adsorption have been evaluated experimentally and all the 341 
data are plotted for a temperature range from 50 to 190 ˚C in Figure 9. Available data in the literature 342 
for reference materials like zeolites 54, graphite 33,55, carbon nanotubes 56, etc., are also plotted for 343 
benchmarking purposes. It is important to note that sample GKAS has not been included because it is a 344 
char, not an activated carbon. 345 
The specific heat capacities of the evaluated adsorbents evidence significant dependency on 346 
temperature as reported in 33,38,40. Globally, specific heat capacities increase approximately linearly with 347 
temperature, in the evaluated temperature range, except for the biomass-based carbons that show a 348 
peak at intermediate temperatures that is ascribed to oxidation during the experiment. 349 
Defining an operation window wherein the lower and upper bounds are the specific heat 350 
capacities displayed by KOH6-PR and KOH-H2, treated Maxsorb III studied by Uddin et al. 33, we can 351 
appreciate that the vast majority of the activated carbons experimentally evaluated in this study are 352 
within this window (1.0 to 1.3 J/(g ˚C) for the upper limit and 0.7 to 0.8 J/(g ˚C) for the lower limit) and 353 
exhibit comparable values to expanded graphite, zeolites or single-wall carbon nanotubes (SWCNT).  354 
Most of the literature on carbon-based adsorption processes applied to CO2 capture has usually 355 
adopted an average value of Cp of approximately 1.0 J/(g ˚C) 7 for the estimation of the sensible heat, 356 
taking as a reference the specific heat capacity measured for graphite (0.71 J/(g ˚C) at 22 °C 57); this is in 357 
agreement with the results obtained in this study. In addition to the sensible heat, the energy duty for 358 
desorption during regeneration in a TSA process based on physisorbents, like the carbon-based 359 
materials studied herein, mainly depends on the heat of desorption 58,59. Thus, developing materials 360 
with increased CO2 loading, low specific heat capacity and lower heat of adsorption can lead to a more 361 
efficient capture technology 59. Berlier et al. 60, reported a heat of CO2 adsorption on an activated carbon 362 
of ∼ 3 kJ/mol CO2 at 25 °C and 1 bar which indicates low energy requirement during regeneration to 363 
counteract the endothermic desorption. This value is low compared to the more recently reported for 364 
carbon-based adsorbents, 15-30 kJ/mol CO2 2,61,62. 365 
The use of carbon-based adsorbents is however associated to lower CO2 adsorption capacity 366 
which in turn means larger adsorbent inventory and, therefore, more heat for regeneration; however, 367 
since carbon-based adsorbents are expected to have longer lives and may not require additional SO2 368 
scrubbing, they are still appealing options, particularly if further improvements in working CO2 capacity 369 
are achieved 6. 370 
The desorption temperature required in the regeneration step of a TSA process depends on the 371 
specific configuration of the plant and could be as high as 200 ˚C 52. Tlili et al. 63, using zeolite 5A as 372 
adsorbent, concluded that the CO2 flow rate recovered depends on the regeneration temperature: it 373 
reaches a maximum value with increasing temperature up to a certain set point and then decreases 374 
slowly showing a tail. A large part of the adsorbed CO2 (80%) could be recovered at atmospheric 375 
pressure and 210 ˚C. Furthermore, Pirngruber et al. 64, determined that the optimum regeneration 376 
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temperature, i.e., the temperature that minimises the overall energy consumption, for a solid adsorbent 377 
with a heat of CO2 adsorption of around 50 kJ/mol and a maximum adsorption capacity of 2.9 mol 378 
CO2/kg is around 177 ˚C.  379 
It is noteworthy that sample GKASN shows the lowest specific heat capacity at 190 ˚C, 380 
0.58 J/(g ˚C), amongst all studied activated carbons. As explained above in Section 3.1.3, this may be the 381 
result of its stronger basic character (pHPZC of 12.0). On the other hand, Norit C presents the highest Cp 382 
value, 1.09 J/(g ˚C), due to its most acidic character (pHPZC of 2.8). Likewise, this value remains slightly 383 
lower than those attained by other carbon materials such as graphite 55 and SWCNT 56 with around 384 
1.15 J/(g ˚C), and DWCNT 56 with 1.46 J/(g ˚C) at the same temperature (see Figure 9). 385 
Many parameters could influence the specific heat capacity values. The experimental protocol 386 
and pre-treatment conditions (i.e., drying) are crucial in the estimation. Besides, the particle size of the 387 
carbon materials could also influence. In this study, all the samples evaluated were in fine powder form 388 
(ground in an Agate mortar).  389 
The effect of the textural characteristics of the ACs on the specific heat capacity has also been 390 
investigated. For this purpose, characterisation by standard CO2 adsorption was performed up to a 391 
relative pressure p/p0∼ 0.030 at 0 °C (Micromeritics TriStar 3000). The adsorption of CO2 at 0 °C and up 392 
to atmospheric pressure assesses microporosity narrower than 1 nm. The analysis of the CO2 adsorption 393 
data by means of the linearised Dubinin-Astakhov (DA) equation 65 leads to the corresponding volume of 394 
micropores (W0) and characteristic energy (E0 ) (Table 3).  395 
Table 3. Textural properties of the activated carbons (CO2, 0 °C) and Cp values at 190 °C. 396 
Adsorbent W0 E0 L0 
 
Cp 
CLA 0.28 26.17 0.73  0.90 
CLOS 0.25 28.68 0.62  1.00 
E1 0.30 26.77 0.70  0.97 
GPF 0.26 26.81 0.70  0.98 
GKASA 0.32 27.65 0.66  0.90 
GKASN 0.19 33.10 0.50  0.58 
Norit C 0.33 22.50 0.97  1.09 
CN 0.37 23.69 0.88  0.90 
CNO 0.15 28.97 0.61  1.04 
W0 [=] cm3/g; E0 [=] kJ/mol; L0 [=] nm; Cp [=] J/(g ˚C) 397 
The CO2 capture capacity is directly linked to these parameters 66 and the average width of the 398 
corresponding micropores is related to the characteristic energy by means of the Stoeckli-Ballerini 399 
relation, L0=10.8/(E0-11.4). The specific heat capacity values of the samples at the maximum 400 
temperature of 190 ˚C evaluated in this study versus W0 and L0 are presented in Figure 10. 401 
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Figure 10. Specific heat capacity vs CO2 textural parameters (W0 and L0) of the activated carbons studied. 402 
It becomes apparent that there is not a specific correlation between the narrow micropore 403 
volume (W0) and width (L0) and the specific heat capacity. Besides, the influence of the textural 404 
parameters in the specific heat capacity of carbons has not been reported in the literature.  405 
On the other hand, the role of surface functionalities and, particularly, the acid and basic 406 
character of the carbon surface has been identified as key parameter. Thus, the specific heat capacity 407 
values of the samples, at the maximum temperature of 190 ˚C evaluated in this study, versus the point 408 
of zero charge are presented in Figure 11. It can be observed that the majority of the carbon samples 409 
evaluated in this study have basic character.  410 
  
Figure 11. Specific heat capacity vs point of zero charge of the activated carbons studied. 411 
Globally, the increase in specific heat capacity with the acidity of the samples, represented by 412 
low pHPZC values, would suggest a specific contribution of acidic surface oxygen functional groups (Figure 413 
11); however, no clear proportionality is observed. The best correlation is found for pHPZC values smaller 414 
than 8.9 but data scattering is still remarkable. For a sample’s basicity between 8.9 and 9.9 and, 415 
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independently of the precursor of the carbon sample, the specific heat capacity at 190 ˚C remains 416 
approximately constant at a value of 0.90 J/(g ˚C).  417 
As can be seen in Figure 11, activated carbons with pHPZC values higher than 9 are low-heat 418 
capacity adsorbents (< 1 J/(g ˚C)), very appealing for effective regeneration in TSA processes, whilst AC 419 
adsorbents with an acidic character may be undesirable owing to their higher specific heat capacities. 420 
Nevertheless, it is important to note that there exists a trade-off between the easiness of the 421 
regeneration and the CO2 adsorption capacity of the adsorbents. 422 
4 Conclusions 423 
The specific heat capacities of several carbon-based adsorbents suitable for post-combustion 424 
CO2 capture have been evaluated experimentally over a wide temperature range, 50 to 190 ˚C, which is 425 
the practical operation window for thermal swing adsorption in post-combustion CO2 capture processes. 426 
The selected solid adsorbents include examples of ACs prepared from different precursor 427 
materials, synthesis conditions, activating agents and surface modifications, so the study covers a wide 428 
range of preparation conditions. 429 
The specific heat capacities of the evaluated adsorbents evidence significant dependency on 430 
temperature. Phenolic resin-derived carbons followed the expected trend characterised by a slight 431 
increase of the heat capacity with temperature in the 50 to 190 ˚C range. No particular influence of the 432 
synthesis protocol was observed. However, when the carbon precursor contained biomass the pattern 433 
changed and a peak in the heat capacity vs. temperature plot was observed. It was ascribed to oxidation 434 
reactions occurring during the experiment.  435 
An important finding from this study was that adsorbent surface modification plays a key role in 436 
the specific heat capacity of resultant carbons as chemically-activated ACs, i.e., most acidic ones, 437 
showed the highest specific heat capacity values. Activated carbons with pHPZC values higher than 9 438 
showed low-heat capacity (< 1 J/(g ˚C)) very suitable for effective regeneration in TSA processes.  439 
Specific correlations between the textural characteristics of the carbons and the estimated heat 440 
capacity values have not been found but the acid and basic character of the carbon surface has been 441 
identified as key parameter. This is an important finding to tailor materials with the desired properties 442 
for a more energy-efficient regeneration process. 443 
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